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INTRODUCTION

The study of bone marrow by means of specmens removed during
life has been applied frequently to forms of anemia other than those
associated with tropical sprue. Ghedini,' Morris and Falconer,2 and
Zadek 3'4 all studied the bone marrow of living patients with per-
nicous anemia. It remained for Peabody56 to apply more modern
knowledge to the study of the finer structure of bone marrow. In
his final paper he showed most clearly that in pernicious anemia the
marrow was hyperplastic during relapse and tended to return to
normal during remission. Although the existence of a relation be-
tween the macrocytic anemia of sprue and of pernicious anemia has
become manifest, existing observations of the bone marrow in sprue
with anemia are few in number and confusing. Ashford 7 briefly re-
ported findings in specimens of tibial marrow studied during life by
another worker. Both hyperplastic and aplastic histological pictures
were found. No photographs are shown nor are any descriptions of
the histological changes given. The author's conclusions as to the
marrow pathology seem to be colored largely by existing hypotheses
of marrow function based on the response of the peripheral blood to
therapy. Mackie and Fairley 8 described the chnges found mainly
in the femoral and tibial marrows of a group of autopsied cases of
sprue. They noted in certain instances hyperplastic marrow, such
as is found in pernicious anemia. In others fatty marrow was found,
with rare, circumscribed areas of activity. Still other marrows
showed a type of gelatinous degeneration. These various mani-

* These observations were carried out in 193I by the Commission of the Rockefeller
Foundation for the Study of Anemia in Puerto Rico.
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festations were considered to represent vanous stages, ranging from
hyperplastic "active" marrow to atrophic "exhausted" marrow.
The fact that the marrow of the long bones is constantly fatty in
character under normal conditions and is the last to respond with
hyperplasia was not emphd. Their briefly reported histological
studies added little to the descriptions of the gross picture as regards
the character of the cellular reaction. However, the red femoral
marrow of one patient was stated to have exhibited "production of
numerous megaloblasts as well as nucleated red cells."
The most careful and detailed studies of the bone marrow in sprue

are those reported by Krjukoff.9 This worker studied biopsy ma-
terial from the ribs of sixteen patients. He was impressed by the
constancy with which he found a megaloblastic chnge of the mar-
row with the production of "lymphoid erytiroblasts" of all sizes,
megaloblasts and normoblasts. He does not mention any cases in
which an inactive marrow was found. The uniformity of the patho-
logical alterations found is in striking contrast to the observations
of other investigators and conforms much better to what is now
known to be the effect of adequate specific therapy.
The divergent results of these studies of sprue have, at least in

part, been due to the fact that specimens from comparable areas of
the marrow were not studied. Piney 1" has shown that only the ribs,
flat bones, and vertebral column normally contain active cellular
marrow in adult life. Peabody 5 has emphasized the fact that the
marrow of a long bone, such as the tibia, is not necesarily homo-
geneous in structure and that the pathological process there does not
necssarily correspond in extent and degree to that in the marrow of
other bones. On the other hand, his own studies of pernicious anemia
were carried out on specimens of tibial marrow because he felt that it
was simpler in structure and hence presented alterations easier to
interpret than the more complicated marrow of flat bones or ster-
num. After the clarification of the underlying cellular changes of the
marrow in pernicious anemia as a result of Peabody's work, it ap-
peared logical to us to examine a site of normally active marrow in
sprue. It was felt that in this way early alterations might be ob-
served more readily and conclusions drawn with more certainty as to
the presence of hyperplasia or aplasia of the functional elements.
For these reasons this communication is based largely upon emina-
tion of specimens of sternal bone marrow removed at operation.
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METHODS

Twenty-two patients with sprue anemia of a macrocytic type were
studied. In certain instances specimens were removed both before
and after remions, in others during the height of the reticulocyte
response to liver therapy. The eventual death of three patients made
it possible to oompare the postmortem pathological picture with that
seen during life. In still another group abnormalities of the dinical
course were correlated with the histopathological alterations of the
marmw.
The procedure of removing the specimens of sternal marrow was

carried out in the operating room under complete surgical precau-
tions for asepsis. A longitudinal midline incision about 4 cm. long
was made from the third to the fifth costal crtilage, and was ex-
tended down to the periosteum. Two incisions were made in the
periosteum, each about i cm. long and at right angles to each other.
The periosteum was carefully retracted to expose an area of bone
about i cm. in diameter. W-ith a sa crown trephine the outer
table of bone was removed as a button about o4 cm. in diameter.
W-ith a bone curette enough marrow was removed to ensure the in-
clusion in microscopic sections of actual marrow tissue. The bone
button was replaced and hemorrhage from the bone stopped with
bone wax. The periosteum was brought together with No. o plain
catgut. One or two subcutaneous stitches of the same suture ma-
terial were used to approximate the subcutaneous tissue and the
skin was dosed with interrupted silk sutures. A dry dressing applied
with considerable pressure from heavy adhesive straps was kept in
place for twenty-four hours.
The tissue was fixed immediately in Zenker's fluid. After the

usual steps of dehydration the tissue was embedded in paraffin
and cut at 6 microns without decalcification. Mallory's phospho-
tungstic acid hematoxylin, eosin-methylene blue and the Giemsa
stain were employed. Certain blocks were cut serially.

RESULTS

The results of the microscopic examination of the bone marrow
aresumarizedin the table and wil be discussed below. In addition
a few illustrative cases are briefly cited, and the microscopic picture
described in detail.
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Cdlular Composition of the Skrnal Bone Marrow in Untreated
Cases of Sprue

CASE I. Clinical History: The patiet was a Puerto Rican housewife 47 years
of age. There was a history of fairly typical sprue for one year, with loss of
weight, gastro-intestinal disturbance, glossitis and mia Before the biopsy
the patient had been treated for sixten days with autolyzed yeast, to which she
showed a slight reticulocyte response and slight clinical improvement. By the
time of the biopsy the lingual and gastro-intestinal symptoms were somewhat
improved without significant changes in blood values.
On the day of the biopsy, Aug. 26, 1931, emintion of the blood showed:

Red blood cells 2,150,000 per anm.; hemoglobin 54 per cent (Sabli); color index
1.25; mean corpuscular volume I2o cu. p; leukocytes 8Ioo per cmm ; reticulo-
cytes i.8 per cent; icterus index 2. The blood smear was consistent in appear-
ance with the macrocytic anemia of sprue.

Bone Marrow Biopsy: The tissue appeared only moderately cel-
lular and contained quite a large number of bone spicules. It was
red-brown in color. The microscopic appearance is illustrated in
Figure I. A considerable amount of fat is present. The number of
cells is distinctly greater than that observed in normal sternal mar-
row. Groups of from six to eight megaloblasts are seen with round
nuclei containing rather heavy masses of chromatin and occasion-
ally in mitosis. Certain cells of this general type are larger, with a
considerable amount of rather pale, basophilic, cytoplasm. The
latter is the type of cell that is present in such large numbers in the
bone marrow in pernicous anemia in relapse. Smaller cells, diffusely
scattered, with round nuclei containing dense masses of chromatin
are numerous. These have a heavily basophilic cytoplasm that
varies greatly in amount, though it is never so great as in the megalo-
blast. These cells are considered to be erythroblasts of varying de-
grees of maturity. A considerable number of normoblasts is present,
many more than are seen in the marrow of pernicious anemia in re-
lapse or in marrows from patients with sprue of a more severe de-
gree. Megakaryocytes are present in about normal numbers, as are
cells of the granulocytic senes. Many sinusoids are closed.
Comment: Subsequent heavy dosage with liver extract adminis

tered intramuscularly failed to effect a reticulocyte rise or im-
provement in blood values. When ferric ammonium citrate was
administered, however, a distinct reticulocyte rise appeared and sub-
sequently a return to normal blood levels resulted. In this marrow
the frequent occurrence of normoblasts suggests a deficiency of iron
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as well as of liver extract, which is confimed by the fact that both
liver extract and iron were required to bring about improvement. In
contrast to the findings in the bone marrow of Case 2, the histo-
logical changes are slight. It is conceivable that this is the earliest

ange, since the illness of the patient was short, and the blood val-
ues were at a relatively high level.

CASE 2. Clinical History: The patient was a male jounalist 6o years of age,
who had suffered from gastrointestinal disturbance, glossitis, and weakness for
ten years. For the ten days preceding the biopsy the patient was treated with
6 gmn of ferric ammonim citrate daily without effect.
On the day of the biopsy, Sept. 8, 1931, the blood emination showed: Red

blood cells I,760,000 per cmm.; hemoglobin 49 per cent (Sahli); color index I.39;
mean corpuscular volume I26 cU. js; white cells 6200; reticulocytes 14 per cent;
icterus index 5. The blood smear was typical of the macrocytic anemia of sprue.

Bone Marrov Biopsy: The marrow did not appear remarkable at
operation. Some increase in cellular over bony tissue was present
and the color was distinctly reddish The microscopic appearance is
illustrated in Figure 2. A moderate amount of fat is present, up to
thirty cells per high power field. Between the fat cells are masses of
cellular tissue. The vast majority of the cells present are megalo-
blasts, some arranged in groups and others scattered diffusely
throughout. They are larger, in general, than are those seen in
Case i and have considerably more cytoplasm. Mitoses are fre-
quent. Many erythroblasts of varying degrees of maturity are seen.
The relative number of normoblasts is strikingly decreased. A few
cells of the granulocytic series are present. The marrow is similar to
that seen in pernicous anemia in relapse, except for the lack of com-
plete replacement of fat by cellular tissue. The sinusoids are open
and contain many adult red cells. The uniformity of the cellular
picture is most striking. Megakaryocytes are sharply reduced in
number.
Comment: The administration of ferric ammonium ctrate effected

no improvement, Liver extract given orally brought about a slight
reticulocyte rise and by subsequent parenteral administration resto-
ration of normal blood values was slowly attained. This result could
perhaps have been prognosticated from the changes present in the
marrow. That the response was a slow one might be associated with
the fact that although the cell type was uniform, complete replace-
ment of fat had not taken place. This marrow is intermediate in
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type between that of Case i, where megaloblastic activity was mild
and early, and much fat present, and that of Case 3, in which a
picture quite similar in all respects to that of pernidous anemia was
seen.

CASE 3. Clinical History: The patient was a Puerto Rican housewife,
6o years of age, who had suffered from malnutrition for one year, and during
the past three months from glossitis, diarrhea, and edema of both feet. There
had been considerable loss of weight.
On the day of the biopsy, Aug. 26, 1931, the blood examination was as fol-

lows: Red blood cells I,4I,ooo per acm.; hemoglobin 40 per cent (Sahli); color
index i4; mean corpuscular volume 125 cl. i; white blood cells 3300 per amm.;
reticulocytes 3.2 per cent; icterus index 4. The blood smear was typical of the
macrocytic anemia of sprue.

Bone Marrcw Biopsy: Grossly the marrow appeared dark red and
hyperplastic. Definite replacement of bone spicules had taken place.
Little fat was seen. As shown in Figure 3, microscopic examination
bears out this impression. Almost no fat is present, averaging fewer
than one fat cell per high power field. The tissue is rather vascular
and extremely cellular. Masses of large megaloblasts are present.
These cells are somewhat irregular in size and outline. The nudei
are rounded or oval and contain rather little chromatin, that present
being dumped in irregular masses. The cytoplasm is slightly ba-
sophilic and irregular in outline. Smaller dumps of ceLs of somewhat
different character are seen. These cells have round nudei with
heavy masses of chroma4in. The cytoplasm varies in amount and
is deeply basophilic. These cells are considered to be erythroblasts.
Very few normoblasts are seen. A moderate number of megakaryo-
cytes is present, as is some myelopoiesis with all stages in the de-
velopment of the granulocytic cell series.
Commen: The picture is one of diffuse megaloblastic hyperplasia,

similar in nature to that seen in pernicious anemia in relapse. As
might be expected with the type of bone marrow change described,
a prompt reticulocyte response followed the intramuscular injection
of liver extract. This response was followed by eventual restoration
of normal blood values.

In the three cases just described different degrees of the same
fundamental histological change have been observed. The presence
of such definite variations in the intensity of the process, even in the
sternal marrow, is considered to be a partial explanation of the fail-
ure of many investigators to find active marrow in the long bones of
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certain autopsied cases of sprue anemia. Presumably, in such in-
stances, the pathological change has failed to extend to the long
bones, though strikingly present in the sites of most active blood
formation where the earliest changes would be expected to appear.
In no case mined, and many, as may be seen from the table, had
anemia of an extreme degree, was the sternal bone marrow atrophic.
This is in agreement with the observations of Krjukoff and quite
opposed to the statements of those who have confined their studies
to the marrow of the long bones.

The Effect of Therapy on the Ceddular Composition of the Sternal
Bone Marrow in Sprue

Hitherto the marrow in cases of sprue anemia has not been studied
before and after treatment capable of producing reticulocyte rises
and restoration of normal blood values. Two cases of the present
series were subjected to sternal punctures at different stages of the
disease and the histological pictures compared. The changes were
similar in both cases.

CASE 2o. ainxicd History: The patient was a male Puerto Rican, 35 years
of age, who entered the hospital complaining of weakness of six months dura-
tion. For four months he had suffered from watery diarrhea and glossitis. The
day before the first biopsy he received a transusion of 2o cc. of whole blood
and an injection of an effective extract derived from Ioo gmi of liver.
On the day of the first biopsy, Aug. 6,1931, a blood examiation showed: Red

blood cells 4o,ooo per cmm ; hemoglobin i9 per cent (Sahli); color index I.0;
mean corpuscula volume II5 al. p; white blood cells 36o0 per cmm.; reticulo-
cytes 44 per cent; icterus index io.

First Bone Marrow Biopsy: In the gross the tissue was soft, deep
red, and had definitely replaced a large part of the bony trabeculae.
Histologically, as shown in Figure 4, all resemblance to normal mar-
row structure is lost. No fat is present. The tissue is an almost solid
mass of large, pale cells, with nudei containing scattered masses of
chromatin. Their outline is irregular, the cytoplasm moderately
basophilic, and the cells are in dose apposition. These cells are con-
sidered to be megaloblasts. Scattered diffusely throughout in large
numbers are somewhat smaller cells with round nudei containing
dense and heavy chromatin. The cytoplasm of these cells is sa in
amount and is somewhat more deeply basophilic. Many mitoses are
present. Nudeated red cells are almost entirely absent. Myelo-
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poiesis i slight. Only a limited number of megakaryocytes are
present. The vascular channels are obscured by the enormous cellu-
lar overgrowth. The whole picture is quite consistent with that seen
in severe perncious anemia.
The effect of liver extract on this patient was entirely imilar to

that occurring in Addisonian perncious anemia. In response to the
single injection of liver extract derived from ioo gm. of liver the
reticulocytes reached a peak of 38 per cent on the fifth day and the
blood values rose rapidly, as similar therapy at ten day intervals was
maintained.
Twenty days after the first biopsy and after remission had oc-

curred, though complete restoration of the blood levels to normal
had not taken place, a second biopsy was performed. On the day of
the second biopsy, Aug. 26, I93I, the blood examination showed:
Red blood cells 2,970,000 per cmm.; hemoglobin 6o per cent (Sahli);
oDlor index 1.02; mean corpuscular volume ioo cu.L; white blood
cells 3300 per cmm.; reticulocytes 4.2 per cent; icterus indeX 2.
Secmd Bone Marrow Biopsy: Histologically, the picture is quite

different from that of the first biopsy, as shown by a comparison of
Figure 4 with Figure 5. Fat cells are present up to ten to twelve
per high power field. A few large pale megaloblasts with irregular
nudei are present in groups of three or four. The solid background
of these cells seen in the first specimen is completely replaced by
sheets of normoblasts that greatly outnumber any other cell type
present. Vascular channels are open, myelopoiesis is proceding,
and a fair number of giant cells may be seen. Clearly, the adminis-
tration of effective therapy caused a maturation of megaloblasts to
normoblasts with the production of a bone marrow morphology
more nearly approaching the normal and so resembling the transi-
tion observed during the treatment of pernicious anemia.

Phagocytosis of Eryhrocytes by Bone Marrow Cels in Sprue

The presence of erythrocytes in the cytoplasm of large cells of the
bone marrow in pernicious anemia has been described frequently in
specimens of marrow reoved at autopsy. At a time when current
views associated pernicious anemia with increased blood destruc-
tion, based upon the observations of the increased serum bilirubin
content and an output of bile pigment greater than normal in the
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excreta, Peabody considered that phagocytosis might be of signifi-
cance in the production of the anemia. In an early paper Peabody
and Broun 1' gave a detailed description of the phagocytic picture in
pernicious anemia, as seen in tissue fixed postmortem, and compared
it with postmortem material from other types of dise. Although
phagocytosis occurred, especially in infectious diseases, it was ap-
parently greater in cases of pernicdous anemia where death occurred
in an acute stage. Later observations of biopsy material, however,
failed to reveal erythrotes in the cytoplasm of large marrow cells
and led to the conclusion that the cytological appearances, which
were supposed to indicate the phagocytosis of red blood cells during
life, were really postmortem, or at least terminal phenomena.
Study of postmortem specimens of bone marrow from two cases of

sprue anemia in Puerto Rico revealed the same phenomenon, so fre-
quently observed in marrows of patients dying of pernicous anemia.
In both instances erythrocytes are seen in the cytoplasm of large
bone marrow cells, as shown in Figure 6. In both of these specimens
the architecture of the marrow is seriously distorted, as compared
with tissue removed at biopsy. In the latter, closely packed masses
of cells, uniform in size and shape and easily identifiable, with well
marked vascular nnels and stroma structure are seen. In the
postmortem specimens the structure is extremely loose and almost
unrecognizable. There is an enormous variation in size and shape
of the cells. Some are very large and have an irregular, slightly
basophilic cytoplasm, which contins large numbers of erythrocytes.
Since this was not observed in any of the specimens removed at
biopsy the conclusion is unavoidable that it is a postmortem nge.
In neither case was the body kept more than eight hours before the
tissue was fixed, although lac of facilities for refrigeration and the
heat of the dimate may have accelerated a postmortem alteration.
Peabody states that the cells that ingest eythrocyte in the bone
marrow of pernicous anemia are clasmatocytes. He quotes the oW
servation of Rich 12 that clasmatocytes may ingest red cells when
grown in vitro. From the observations here presented no conclusion
as to the nature of the phagocytic cell can be drawn. Only further
evidence, based on supravital and tissue culture study of material
removed at autopsy, can be expected to solve the problem.
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DIscussioN

The material presented indicates that, as concerns the funda-
mental histopathological picture of the bone marrow during exacer-
bation, during remission and at postmortem, the nges accom-
panying the macrocytic anemia of tropical sprue are similar to those
found in pernicious anemia, as described by others.
Peabody confirmed the previous observation of Zadek that during

remision the bone marrow became less cellular; and for the first
time accurately described the microscopic appearances both during
remission and in relapse. He considered the hyperplasia occurring
in relapse to be an extensive proliferation of primitive marrow cells,
chiefly megaloblasts, associated with a relative decrease in the other
elements, induding the fat cells. Remission was shown to be char-
acterized by a picture more nearly normal, with few megaloblasts, a
relative increase of normoblasts and mature red blood cells, and the
reappearance of fat. The anemia of relapse was explained by the
functional ineffectiveness of the marrow resulting from the failure
of the megaloblasts to form mature erythrocytes. In the sternal
marrow of nineteen patients with untreated sprue the same funda-
mental pathological change was found, an increase in number and
size of the megaloblasts, a decrease in the amount of fat present and
in the number of megakaryocytes and cells of the granulocyte series.
The number of normoblasts was strikingly sa in comparison to
the number of megaloblasts. The differences in the bone marrow
nges reported by previous observers can thus apparently be ex-

plained by the fact that only the marrow of the long bones was
studied. Beyond question the extent of marrow involvement is
greater in pernicious anemia than in certain cases of sprue, but the
nges occurring in the normally active marrow of the adult, ob-

tained here by sternal biopsy, present a uniform picture..
Furthermore, the effect of specific therapy in sprue anemia is fol-

fowed by the same maturation of megaloblasts to normoblasts and
restoration of normal morphology of the marrow, as occurs in per-
nicious anemia. This fact parallels the similarity of the blood
chnges in the two conditions. Although, as a rule, the effect of
liver extract on the lingual and gastro-intestinal symptoms is as
striking as in pernicious anemia, the hematopoietic response is fre-
quently not so marked for a given blood level in sprue as in per-
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nidous anemia. This is probably to be explained, at least partly, on
the basis of the fact that in pernicious anemia the megaloblastic
hyperplasia involves a greater amount of the normally inactive bone
marrow. It is also dear that in sprue a combination of therapy with
iron, as well as with liver extract, is necessary in many cases, a fact
that correlates with the findings in the bone marrow of certain pa-
tients, as illustrated by Case i. Despite this fact, the basic imilarity
of the blood pictures and of the changes in the active portions of the
bone marrow in relapse and in response to similar therapy would
seem to be strong evidence for a similar etiological mchanism. Ob-
servations have been made by Castle and Rhoads 13 that indicate
the macrocytic anemia of sprue is mainly the result of a defidency
similar to that existing in pernicious anemia, although brought
about in a somewhat different manner.

CONCLUSIONS

i. Observations on the bone marrow of sprue anemia made on
tissue obtained at biopsy in different stages of the disease show that
the changes are similar to those of pernicious anemia.

2. During relapse the essential change is a proliferation of megalo-
blasts and suppression of maturation to the normoblast stage.

3. During remission the marrow tends to return to normal with
a great increase in the number of normoblasts and mature red cells
in the marrow.

4. Phagocyted erythrocytes were observed in the bone marrows
removed at autopsy but not in those removed during life.

The authors wish to acknowledge their indebtedness to Drs. W. R.
Galbraith, George C. Payne, and to Herman A. Lawson for their co-
operation in the conduct of these observations, as well as to Mr.
Emil Bohnel and Mr. Louis Zetzel for their assistance in making the
blood studies.
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DESCRIPON OF PLATES

PLATE 130

FIG. I. Case i. Sternal marrow removed at biopsy from patient with macro-
cytic anemia of sprue of moderate degree and duration before remin
produced subsequently only after addition of iron to liver extract therapy.
Note presence of much fat, numerous normoblasts and moderate numbers
of megaloblasts. Gisa stain. x I500.

FIG. 2. Case 2. Stemal marrow removed at biopsy from patient with macro-
cytic mia of sprue. Note presence of fat and moderate megaloblastic
preponderance Cells of the myeloid series are present in considerable
nulmbers Gimsa stain- x xooo.
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PLATE I31

FIG. 3. Case 3. Sternal marrow removed at biopsy from patient with severe
macrocytic anemia of sprue. Note almost total absence of fat and intense
megaloblastic proliferation with relatively few normoblasts and cells of
myeloid series. Giemsa stain. x 1500.

FIG. 4. Case 20. Sternal marrow removed at biopsy from patient with severe
macrocytic anemia of sprue before tvpical remission produced with liver
extract. Note absence of fat with increased cellularitv due largely to in-
tense megaloblastic proliferation with occasional mitotic figures. Giemsa
stain. x I000.
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PLATE I32

FIG. 5. Case 20. Second sternal marrow removed at biopsy twenty days after
injection of active liver extract, which produced a typical reticulocyte
crisis. Note the decreased number of megaloblasts and the normoblastic
preponderance. Giemsa stain. x iooo.

FIG. 6. Case I7. Sternal marrow removed at autopsy from patient dying of
sprue with severe macrocytic anemia. Note loss of structural details and
presence of phagocyted erythrocytes. Giemsa stain. x Iooo.
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